Wakefields are an important factor in accelerator design, and are a real concern when preserving the low beam emittance in modern machines. Charge dependent beam size growth has been observed at the Accelerator Test Facility (ATF2), a test accelerator for future linear collider beam delivery systems. Part of the explanation of this beam size growth is wakefields. In this paper we present numerical calculations of the wakefields produced by several types of geometrical discontinuities in the beam line as well as tracking simulations to estimate the induced effects. We also discuss precision beam kick measurements performed with the ATF2 cavity beam position monitor system for a test wakefield source in a movable section of the vacuum chamber. Using an improved model independent method we measured a wakefield kick for this movable section of about 0.49 V=pC=mm, which, compared to the calculated value from electromagnetic simulations of 0.41 V=pC=mm, is within the systematic error.
I. INTRODUCTION
Wakefields are increasingly important in the context of precision beam operation and control. The problem of wakefield measurement and simulation has been a standing item in the design of circular machines for decades. It is now equally important for single pass accelerators due to stringent requirements imposed by the luminosity (colliders) or brightness (free electron lasers) specifications. Sometimes it is necessary or desirable to measure wakefields of some components in situ in an existing beam line. This can be done by fitting the beam orbit to a known beam line model for each pass of the beam in order to reduce the influence of the beam jitter [1, 2] .
Here we demonstrate an improved method of measuring wakefields in single pass beam lines using model independent methods for jitter subtraction that do not require prior knowledge of the reference orbit or the beam optics. Using this method a large pulse-to-pulse orbit jitter can be effectively subtracted. In combination with a submicrometer resolution cavity beam position monitor (CBPM) system, the orbit reconstruction in a beam test carried out at the Accelerator Test Facility 2 (ATF2) also reached submicrometer precision, allowing us to characterize relatively weak wakefield sources.
A. Accelerator Test Facility 2

ATF2
[3] is a scaled demonstrator for the local chromaticity correction scheme [4] proposed for the future linear lepton colliders for focusing the beams to nanometer sizes at the interaction point (IP) and reaching the desired luminosity [5, 6] . This scheme's most notable advantage is the considerable reduction in length of the final focus system compared to other proposals.
ATF2 is built as an extension of the ATF damping ring at KEK (Japan). The beam from a low emittance damping ring is extracted into the ATF2 beam line (Fig. 1) . The main parameters of the extracted beam are summarized in Table I .
The evolution of the Twiss parameters throughout the length of the ATF2 beam line is shown in Fig. 2 . After some preparation and diagnostics, the beam is focused by the final focus system, producing a small size at the IP, defined as the focal point of the last focusing quadrupole, where the beam size is measured. The beam size is measured directly using a beam size ("Shintake") monitor, which uses crossed laser beams to produce sub-beam-size interference patterns at the IP. The electron beam inverse Compton scatters with the laser photons producing a detectable gamma ray signal and the interference pattern can be translated by phase shifting one of the laser beams [8] .
The aim of the ATF2 is twofold: first, to obtain and verify a vertical focus size of 37 nm; second, to hold the focus stable to within a few nanometers [3, 9] . Maintaining the small vertical beam emittance throughout the beam line is therefore essential. The ATF2 collaboration has routinely measured a beam size below 100 nm vertically, although only at a bunch charge of 0.1 × 10 10 electrons per bunch [10] . Since efforts are concentrated towards demonstrating small beam sizes in the vertical plane, most of the discussions in this paper focus on the vertical axis.
Achieving a vertical beam size below 100 nm required lowering the bunch charge from the nominal by a factor of 10. This had a positive side effect of reducing the Compton signal background of several beam diagnostics. However, achieving the second goal will require all the beam diagnostics to operate at the highest resolution only possible at higher beam charges.
One of the main contributions to beam size growth at higher charges is thought to be from transverse wakefields. The ATF2 beam line includes a number of high impedance elements, such as cavity beam position monitors, bellows, vacuum ports and step transitions. Normally, the impact of wakefield sources on the beam is negligible for single-pass beam lines. However, the ATF2 beam is especially sensitive to wakefields (an order of magnitude more than expected at the ILC) due to the long bunch lengths at ATF2, 7-9 mm, and relatively low beam energy.
Normally, transverse wakefield effects can be mitigated by introducing orbit bumps. However, this approach is not suitable in the ATF2 final focus beam line, where the beam orbit needs to be adjusted precisely for making an extremely small beam at the IP. Any beam position change in the sextupole magnets (at high beta-function locations) will induce significant higher order aberrations.
The technique adopted at ATF2 includes mitigating the wakefield sources and compensating the wakes that cannot be mitigated using a movable section of the beam line. Wake compensation is now part of the ATF2 beam tuning procedure and has been crucial in achieving beam sizes below 100 nm. This paper covers the wakefield studies that contributed to the results reported in [10] (prior to spring 2013). We identify some of the major wakefield sources and establish a method of simulating and measuring the wakefield kicks.
B. Wakefields
We consider wakefields that are produced when the electromagnetic (EM) fields surrounding a bunch of charged particles interact with geometrical discontinuities in the beam line, called geometric wakefields. Besides wasting the energy stored in the beam, the produced EM waves may affect the following bunches, and the bunch itself, provided it is long enough to "see" these fields as they travel at the speed of light (the "catch-up" effect). The effects of the wakefields on the longitudinal and transverse beam motion are usually expressed as integral characteristics, called wake potentials [11] . Here we are primarily interested in the transverse wake potential: The longitudinal wake potential introduces keV level distortions of the energy that do not affect the 1.3 GeV ATF2 beam strongly enough to produce any visible effect at the IP. By contrast, transverse wakefields have been shown to produce noticeable effects, most importantly on the measured beam size. Transverse wakefields alter the orbit of a bunch as a whole (i.e. center of mass kick) according to its total charge and transverse position with respect to the wakefield generating elements; and also introduce an orbit modulation along the bunch length (tilt), so the particles along the length of the bunch arrive with slightly different offsets at the IP, perceived as a beam size increase.
In general, the transverse wakefield W depends on the three-dimensional charge distribution in the bunch. Here we consider a pencil beam since the transverse beam size is small compared to the aperture throughout the beam line. As a smaller beam size target is set for the vertical direction, all wake effect simulations and observations were done for the vertical direction.
Then, the wake potential Wðz;ȳÞ is a function of the longitudinal position in the bunch z and the vertical offset of the beam position with respect to the wakefield sourceȳ. For small offsets, assuming the structure has a symmetry axis, it can be assumed to be linear with the offset: Wðz;ȳÞ ≈ȳW n ðzÞ.
If W n ðzÞ is the transverse wake potential created by the bunch normalized by the transverse offsetȳ in a source at a location a in the beam line, and ρðzÞ its longitudinal charge distribution, then the vertical center of mass position offset Δy at a location b downstream will depend on the optics between these locations as well as the beam parameters [12] :
where E is the beam energy, and R 34;a→b the 3-4 component of the transfer matrix between a and b. R 34;a→b can be calculated from the beta functions β a;b and betatron phases ϕ a;b using the following equation:
Hence, the wakefield-induced offsets can be significant at locations with large beta functions.
To quantify the average kick a bunch of particles receives, we define the weighted average wake potential W avg ðyÞ:
where κ ⊥ is known as the dipole kick factor. We also define the normalized peak wake potential:
II. WAKEFIELD SIMULATIONS A. Wakefield calculations
A number of ATF2 beam line elements have been investigated. The wake potential produced by their modeled geometries was simulated primarily using the EM simulation code GdfidL [13] . GdfidL runs a finite difference loop to numerically propagate the beam excited EM fields on a cubic mesh. The beam is represented by a line charge with a Gaussian distribution along the z-axis, and offsets from the beam axis can be specified in both vertical and horizontal directions.
Wakefield kick measurements described in the following sections started with the C-band reference cavities, hence we chose to consider them here in some detail. The geometry, as meshed by GdfidL, is shown in Fig. 3 . It features a cylindrical cavity connected to a cylindrical beam pipe. Although the C-band reference cavity has an asymmetric arrangement for coupling the signals out, the difference of vertical and horizontal wakefields for the first few oscillations is small (in the order of a few percent), and has been neglected.
As a computational cross-check, we also calculated the wake potentials for this geometry using a second code, T3P from the ACE3P suite of codes [14] , which uses curvilinear tetrahedral meshing. The transverse wake potential for various beam offsets is shown in Fig. 4 , where GdfidL results are plotted in solid lines and T3P in dashed lines. It can be seen that there is a very good agreement between the results produced by the two codes. It is also interesting that the wake potential has a pronounced nonlinear behavior with respect to the beam offset in the part that coincides with the bunch excitation (z < 0.016 m in Fig. 4) , while retaining the linearity after the bunch transit. This is most likely caused by differences in field configurations allowed in the cavities with and without the beam present, i.e. electrostatic fields accompanying the beam versus excited cavity modes.
A third order polynomial has been fitted to the weighted average values of the wake potential at different offsets (Fig. 5) . The third order coefficient of −1.6 × 10 −3 V=pC=mm 3 has little effect near the cavity center compared to the linear term, corresponding to the dipole mode wake of −0.08 V=pC=mm (compared to −0.09 V=pC=mm calculated from a single offset of 1 mm), but becomes significant for large beam offsets. Figure 4 also shows the charge distribution used for calculating the excitation. One can see that the wake potential peaks while the bunch still passes the cavity, and that the wake potential changes substantially on the time scale of the bunch passage. Hence, both overall kick and bunch tilt are to be expected. Other beam line components (see Table II ) showed similar wake potential shapes with the peak more or less delayed depending on the discontinuity dimensions. Table II summarizes the values of the peak normalized wake potential W n;peak and the weighted average normalized wake potential W n;avg for the beam line components that have been studied so far in the order they are most likely to affect the beam, taking into account the quantity of installed objects as of spring 2013. The wake potentials were evaluated at a fixed beam offset of 1 mm, except for the bellows, where the beam remained centered while the offset was introduced between the two ends of the beam pipe.
The simulations indicate that shields must be used for the vacuum bellows as their wakefields may reach the level of wakes produced in CBPMs at the same offset, but their alignment is typically much poorer, a similar argument applies to the vacuum flanges, especially the ones with aperture steps, due to their high numbers. 
B. Tracking simulations
Especially for this study, an option for including simulated wakefields imported from field solvers has been integrated and published into the particle tracking code PLACET [15] . This code incorporates single bunch and multibunch effects, static and dynamic imperfections. In PLACET a distinction is made between wakefields acting on the same bunch and wakefields acting on the following bunch, called short-range and long-range wakefields respectively. For this study a new way of describing a short-range wakefield (transverse and/or longitudinal) has been added for each beam line component. The new description consists of a spline that describes the normalized wake potential W n ðzÞ, with units V=mm=pC as a function of the longitudinal coordinate z in meters [15] . This implementation can be directly used with GdfidL output, for example as given in Fig. 4 . The beam is modeled by a set of Gaussian-distributed macroparticles within the beam ellipse. When the beam interacts with the wakefield the kick is calculated by interpolating the spline for each macroparticle at position z, analog to Eq. (1) the kick for the vertical direction Δy 0 ðzÞ is given by
with N the number of particles in the bunch. As will be described in Sec. III B, a movable section of vacuum chamber was installed in the ATF2 beam line near the quadrupole magnet QD10BFF located in a high betatron function location to compensate the wakefield distortion to the beam and measure the orbit response. This setup has been added to the ATF2 lattice simulations and with the help of the modified PLACET software the vertical differential orbit response has been analyzed. The response expected at various beam intensities for a vertical offset of the setup of 1 mm is shown in Fig. 6 . The average position of the beam is plotted for each CBPM location downstream of the movable section. As expected, the orbit change corresponds to the beta function amplitude at the CBPM location.
III. ORBIT MEASUREMENTS A. Cavity beam position monitor system
The position measurement system at the ATF2 provides the precision required for measuring wakefield-induced beam offsets of the order of a micrometer. The system currently includes a total of 39 CBPMs. The first ten CBPMs are mounted in fixed quadrupoles, the next 25 are mounted in quadrupoles which are moved by three axis movers and the four IP region BPMs (two normal C-band and two especially designed for the IP) are rigidly fixed, but not in magnets. The beam line also includes several reference cavities providing an independent charge and phase reference for the position measurement. The majority of CBPMs are operated at a resolution of 200 nm in a AE1 mm range with 20 dB front-end attenuation, with several providing 30 nm without attenuation [7] .
B. Experimental setup
To study the beam distortion and orbit change induced by the wakefields and also to investigate the possibility of compensation of the wakefields generated by other sources, a movable test section has been installed in the ATF2 beam line. The movable section includes a two axis mover system with a range of AE4.5 mm in both vertical and horizontal directions. The system is located 62.5 m downstream of the extraction kicker in a high betatron amplitude location, β y ¼ 5000 m, between the quadrupoles QD10BFF and QD10AFF. The setup analyzed in this paper includes two C-band reference cavities in series as in Fig. 7 showing two bellows and aperture steps (from ∅24 to ∅16 mm) at both sides of the cavities as well as flanges after the bellows and in between the cavities. The whole section has been 3D modeled in GdfidL and the model is also shown in Fig. 7 .
The bellows on both sides of the cavities are deformed as the mover position changes. In the simulations it had been assumed that the bellows deform linearly during the movement.
The wakefield contributions of the individual components and the whole section are shown in Fig. 8 . The linear combination of the individual components in the section (two reference cavities, three flanges and two bellows) is also shown and agrees well with the whole section simulation. The peak potential for the whole movable section is 0.67 V=mm=pC and the total weighted average wakefield contribution comes to about 0.41 V=mm=pC.
C. Jitter subtracted orbit measurement
The wakefield induced orbit change is measured by the CBPMs downstream of the movable section, while CBPMs upstream provide data for projecting the orbit and subtracting the effect of the incoming beam jitter. Since the betatron function is higher in the vertical direction in the downstream beam line, and hence the wakefields would produce larger offsets vertically, typically a vertical mover position scan was performed. During the data taking, about 100-200 machine pulses for each position of the wakefield source were recorded.
The pulse-to-pulse orbit jitter, which is up to tens of μm vertically (depending on the betatron value) is subtracted by correlating the readings of the upstream and downstream CBPMs. The correlation matrix X of n 1 (27) upstream CBPMs with n 2 (16) downstream CBPMs is defined as
with matrix A (B) containing the upstream (downstream) average subtracted CBPM readings for all m pulses recorded at the nominal mover position. Matrix X is then determined in a least-square sense by inverting matrix A with the singular value decomposition method, with a relative cut on the small singular values of 1 × 10 −4 . The residual matrix R (of size n 2 × m) is calculated as
The residuals calculated for the data with no mover section offset indicate the precision of the orbit reconstruction for each of the downstream CBPMs. In Fig. 9 the standard deviation of the residuals is shown for each downstream BPM for data with an average bunch charge of 0.75 × 10 10 particles. It can be seen that the orbit reconstruction is well below a micrometer for each BPM. The same operation was applied to the data at different mover positions using the same matrix X. Here, the residuals reveal the difference between the predicted and measured orbit at each location with the jitter subtracted.
For each pulse, the absolute charge reading was recorded based on the measurement of the inductive current transformer (ICT) in the extraction beam line. With this charge information, the residuals for each individual pulse are normalized to the average charge of all pulses in the mover position scan. Then the residuals are averaged for each downstream CBPM location and mover position to extract the systematic offsets.
In Fig. 10 the residuals are plotted with respect to the position of the movable section at a downstream location where the orbit response is one of the strongest, in this case the CBPM near quadrupole QD2BFF. The average bunch charge was measured as 0.75 × 10 10 particles. The Another signature feature of the presence of wakefields is the intensity dependence of the kicks. To confirm this, the measurements were repeated for different bunch intensities. The intensity is obtained by averaging the charge reading from the ICT. In Fig. 11 the vertical orbit response for different bunch intensities is shown for each downstream CBPM and in Fig. 12 the normalized weighted average wake potential of the movable section calculated with the tracking simulation of Fig. 6 and the orbit response of all downstream CBPMs of Fig. 11 is shown for each bunch intensity. A clear linear intensity dependence has been observed. Note that the CBPM resolution is degraded at lower bunch charges [7] and hence the precision of the jitter subtraction and the orbit response measurement is also lower.
D. Combined wakefield and optics studies
For each of the downstream CBPMs the response with respect to the mover position has been determined, for an average bunch charge of 0.75 × 10 10 particles, and compared with the results of tracking simulations described in Sec. II B, this is shown in Fig. 13 . The simulation shows a good agreement with the observed orbit change. The measured response appears to be 20% higher than the prediction, so that the measurement corresponds to an average wakefield potential of about 0.49 V=pC=mm compared to the estimate of 0.41 V=pC=mm based on numerical calculations.
E. Discussion
The improved model independent method allowed us to subtract the beam jitter efficiently from the response due to the wakefield excitation along the beam line. There are further advantages in the proposed method: (i) The precision of the orbit reconstruction reaches that of the position diagnostics meaning that weaker sources can be characterized or a shorter beam line is required for detecting the same kick. (ii) The matrices used for the model independent jitter subtraction can be extended to include, for example, seismic sensors to reduce uncorrelated jitter, or temperature or other environmental data in case drifts are observed.
The measured wakefield of the movable section is about 20% higher than the prediction based on numerical calculations. Taking into account that the calculations for the deformed bellows and vacuum flanges were based on approximate geometries, this result is reasonable. Additionally, some beam conditions were not entirely certain: the bunch length and shape are measured in the damping ring to a reasonable precision of about half a mm, which corresponds to a wakefield strength uncertainty of 5%-10%. They, however, are not monitored in the ATF2 extraction beam line, where the section is actually located. It is also possible that the charge measurement contributes about 5%-10% uncertainty due to calibration error of the ICT. The precision of the beam optics model may also contribute, although the ATF2 beam line is well understood, so this contribution should be small in comparison, and further reduced due to the large number of measurement locations.
Following our study electromagnetic shielding was added to most of the bellows, numerous unnecessary connections, aperture steps and components were removed or modified. The component alignment has also been revisited several times in order to reduce the average beam offset throughout the ATF2 beam line.
The type of problem explained in this paper is of a limited significance for future linear colliders [12] due to shorter compressed bunch lengths. In the case of the ILC the wakefield kicks were estimated to be 10 times lower compared to ATF2 [12] . Still, the methodology outlined in this paper can be applied in existing and future beam lines, where wakefield induced kicks may be present, in particular free electron lasers. Furthermore, long range intratrain wakefield effects will still be a problem in future linear colliders and the method presented is also applicable for a bunch train.
IV. CONCLUSIONS
Several wakefield sources have been characterized by putting them in a movable section, of which the two C-band reference cavity combination has been presented here. The measurements have been performed with the cavity BPM system, which is operating with a typical resolution of 200 nm. The peak wakefield estimated from the combination of the measurement and tracking simulation is about 0.49 V=pC=mm, which is 20% larger than the calculated value from electromagnetic simulations of 0.41 V=pC=mm, where the discrepancy is most likely down to some uncertainties in the conditions of the experiment, such as the exact composition and behavior during mechanical translation of the section itself, and the shape and length of the extracted bunch.
